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ABSTRACT
In this work we interpret and discuss the time variable rotation measure (RM) found,
for the first time over a 1-yr period, in the core region of a blazar. These results
are based on a 1-yr, multifrequency (15, 24, and 43GHz) Very Long Baseline Array
(VLBA) monitoring of the TeV blazar Markarian 421 (Mrk 421). We investigate the
Faraday screen properties and its location with respect to the jet emitting region.
Given that the 43GHz radio core flux density and the RM time evolution suggest a
similar trend, we explore the possible connection between the RM and the accretion
rate. Among the various scenarios that we explore, the jet sheath is the most promising
candidate for being the main source of Faraday rotation. During the 1-yr observing
period the RM trend shows two sign reversals, which may be qualitatively interpreted
within the context of the magnetic tower models. We invoke the presence of two nested
helical magnetic fields in the relativistic jet with opposite helicities, whose relative
contribution produce the observed RM values. The inner helical field has the poloidal
component (Bp) oriented in the observer’s direction and produces a positive RM, while
the outer helical field, with Bp in the opposite direction, produces a negative RM. We
assume that the external helical field dominates the contribution to the observed RM,
while the internal helical field dominates when a jet perturbation arises during the
second observing epoch. Being the intrinsic polarization angle parallel to the jet axis,
a pitch angle of the helical magnetic field φ & 70◦ is required. Additional scenarios
are also considered to explain the observed RM sign reversals.
Key words: galaxies: active – galaxies: magnetic fields – galaxies: jets – BL Lacertae
objects: individual: Mrk 421
1 INTRODUCTION
The polarized emission observed from relativistic jets in ac-
tive galactic nuclei (AGNs) provides us with important in-
formation on the magnetic field configuration. The main is-
sue to be taken into account is that when a polarized wave
propagates through a non-relativistic magnetized plasma it
is affected by Faraday rotation. As a consequence, the ob-
served polarization angle (χobs) is rotated with respect to
its intrinsic value (χint). When the magnetized Faraday ro-
tating medium (Faraday screen) is external to the emitting
region, the effect is described by a linear relationship be-
tween χobs and the observing wavelength squared (λ
2) as
χobs = χint +RM× λ
2, (1)
⋆ E-mail: rocco.lico@unibo.it
where RM is the rotation measure (Gardner & Whiteoak
1966):
RM = 812
∫
neB‖ · dl [rad m
−2], (2)
with ne being the electron number density in cm
−3, B‖ the
parallel to the line-of-sight, aberrated by relativistic motion,
component of the magnetic field in milligauss, and dl the
path length in parsecs.
The determination of the RM is essential to obtain the
intrinsic orientation of the polarization vectors and to prop-
erly interpret the magnetic field configuration. As shown by
Zavala & Taylor (2004) an RM of the order of 250 rad m−2
can produce a 25◦ rotation of the intrinsic polarization angle
at 8GHz.
Polarimetric multifrequency Very Long Baseline Inter-
ferometry (VLBI) observations represent the most suitable
c© 2016 The Authors
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and powerful tool for determining the RM, by measuring the
electric vector position angle (EVPA) as a function of the
frequency. This method allows us to investigate the struc-
ture and physics of the magnetic field in AGN jets at high
angular resolution (e.g., Asada et al. 2002; Zavala & Taylor
2001, 2003, 2004; O’Sullivan & Gabuzda 2009; Asada et al.
2010; Go´mez et al. 2011; Hovatta et al. 2012; Lico et al.
2014; Go´mez et al. 2016; Kravchenko et al. 2017).
Moreover, given that the RM is also related to the ther-
mal electron density (ne in equation. 2), in principle it can
be used as a diagnostic tool for the accretion flow into the
central black hole (Bower et al. 2003; Marrone et al. 2006,
2007; Kuo et al. 2014; Plambeck et al. 2014; Li et al. 2016).
Asada et al. (2008) find a time variable RM in the jet
region of the radio source 3C273 and Go´mez et al. (2011)
report RM sign reversals within the innermost 2 mas jet
region of the radio galaxy 3C 120. Sign reversals were also
found by O’Sullivan & Gabuzda (2009) in the core region of
three blazars within different frequency intervals and with
distance from the central engine. On the other hand, in the
case of 3C 84 Plambeck et al. (2014) report a stable RM
over a 2-yr period. In Lico et al. (2014, hereafter L14) we
report time RM variability in the core region of the TeV
blazar Markarian 421 (Mrk 421) over a 1-yr period. This is
the first time reporting a time RM variability in the core
region of a blazar on a such short time scale. Mrk 421 is one
of the best studied blazars, mainly because of its proximity
(z = 0.03, de Vaucouleurs et al. 1991), and represents an
excellent target for the investigation of the innermost regions
of relativistic jets. The estimated black hole mass of Mrk 421
is MBH ∼ 2 − 9 × 10
8 M⊙ (Sahu et al. 2016). For MBH =
9×108 M⊙ we obtain a Schwarzschild radius rs = 2.7×10
14
cm (corresponding to 8.6× 10−5 pc and 1.5× 10−4 mas).
In this paper we discuss the RM time variability re-
ported in L14 and give an interpretation about its origin by
considering the various possibilities for the location of the
Faraday screen. We explore the possible contribution to the
observed RM from both the accretion flow, by investigating
the possible connection between the RM and the accretion
rate, and the jet sheath, by giving a qualitative interpreta-
tion within the context of the magnetic tower models.
The paper is organized as follows: in Sect. 2 we describe
the 43GHz flux density and the Faraday rotation analysis;
in Sect. 3 we investigate and discuss the possible location
of the Faraday screen and we present a short summary in
Sect. 4. Throughout this paper we use a ΛCDM cosmology
with h = 0.71, Ωm = 0.27, and ΩΛ = 0.73 (Komatsu et al.
2011).
2 FARADAY ROTATION ANALYSIS AND
43GHZ FLUX DENSITY
Mrk 421 was observed once per month throughout 2011 with
the American Very Long Baseline Array (VLBA) at 15, 24,
and 43GHz in total and polarized intensity (in right and
left circular polarization). The details about the observations
and calibration procedure are presented in Lico et al. (2012)
for the 15 and 24GHz data sets and in Blasi et al. (2013)
for the 43GHz data sets. The polarization calibration and
analysis for the full data set are described in L14.
The core region RM values are obtained by performing
Figure 1. Upper panel: time evolution for the core region RM
values obtained from the λ2 fits. The empty circles represent
the RM values obtained without applying a 90◦ rotation for the
15GHz EVPAs (see Sect. 2). Lower panel: 43GHz total intensity
light curve. Filled circles represent data from L14, empty triangles
represent data provided by the VLBA-BU-BLAZAR monitoring
programme1. Both frames of this image are adapted from Fig. 2
and Fig. 5 in L14.
linear fits of EVPAs versus λ2, and are reported in Table 3
in L14. The RM values vary between (−3640 ± 930) and
(+1940±750) radm−2, and in some cases are consistent with
0 within 1σ or 2σ, due to the large uncertainties. The RM
time evolution is shown in the upper panel of Fig. 1. As de-
scribed in L14, the RM values during the 7th and 9th observ-
ing epochs were obtained by using 90◦ rotated 15GHz EV-
PAs (filled circles in the upper panel of Fig. 1), owing to opti-
cally thin/thick transitions (e.g., Gabuzda & Go´mez 2001).
The scenario within the context of the magnetic tower mod-
els proposed in Sect. 3.2 to explain the RM trend refers to
this specific EVPA configuration. The RM values obtained
without introducing any rotation for the 7th (1880 ± 300
radm−2) and the 9th (1370±880 radm−2) observing epochs
are represented by empty circles in the upper panel of Fig. 1.
From the linear fits of EVPAs versus λ2 we also ob-
tain the intrinsic polarization angle, which is roughly paral-
lel to the jet axis (∼ 150◦) during the entire observing period
(lower panel of Fig. 5 in L14). In the lower panel of Fig. 1
we show the 43GHz light curve in which the filled circles
represent data from L14, while empty triangles represent ob-
servations provided by the VLBA-BU-BLAZAR monitoring
program1. The 43GHz flux density (S43) values are reported
in Tables 2 and 5 in L14. The source has an average S43 of
∼ 300 mJy, showing an enhanced activity during the first
half of 2011 (between MJD 55562 and MJD 55660).
1 http://www.bu.edu/blazars/VLBAproject.html .
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3 DISCUSSION: LOCATION OF THE
FARADAY SCREEN
In this section we investigate and discuss the Faraday screen
properties and its location with respect to the emitting re-
gion.
Because of the relativistic mass correction, the con-
tribution to the Faraday rotation of relativistic electrons
is reduced by a factor of ∼ γ2 (Jones & Odell 1977;
Wardle & Homan 2003), and therefore it is expected that
most of the observed RM is produced by thermal electrons
(e.g., Celotti et al. 1998a) external to the emitting region.
The low-energy tail of the non-thermal distribution may also
lead to some small internal Faraday rotation. However,
given that most of the observing epochs show acceptable
linear fits of EVPAs versus λ2 (Fig. 4 in L14) and that we
observe a similar trend of the fractional polarization for all
of the three observing frequencies (Fig. 2 in L14), we assume
that the Faraday screen is mostly external to the emitting
region.
The broad line region (BLR), which extends for less
than one pc and has a small (∼ 1%) volume covering fac-
tor (e.g., Urry & Padovani 1995; Kaspi et al. 2000), is usu-
ally excluded as the source of Faraday rotation. Due to the
short observed RM variability time-scale, the narrow line
region (NLR), extending up to hundreds of parsecs, cannot
be the primary Faraday rotation source. Moreover, there is
still a large uncertainty for the NLR volume covering factor
(Netzer & Laor 1993; Rowan-Robinson 1995; Kharb et al.
2009). We also exclude the intracluster medium as the pos-
sible source of the observed Faraday rotation. RM values as
high as the ones that we measure can originate in the intr-
acluster medium only for sources lying in proximity of the
center of cooling flow clusters, and such perfect alignment is
implausible (Carilli & Taylor 2002).
Two possible contributions to the observed RM remain:
the accretion flow around the black hole and the sheath in
the radio jet. In the following we separately treat these two
scenarios.
3.1 RM from the accretion flow
The accretion flow region around the black hole is a possible
candidate as a source of Faraday rotation.
In general, by making some simplifying assumptions on
the density profile and the magnetic field in the accretion
flow, in various works the observed RM values were used
to constrain the mass accretion rate M˙ . So far, this ap-
proach was used for the accretion rate estimate for the ra-
dio sources SgrA∗ (Marrone et al. 2006), M87 (Kuo et al.
2014), and 3C84 (Plambeck et al. 2014). We now try to un-
derstand if also in the case of Mrk 421 a reliable estimate
of the accretion rate could be obtained from the observed
RM. To apply this method a roughly spherical accretion
flow is required, with a power-law distribution for the ra-
dial density profile (n ∝ r−β) and a radial, ordered and of
equipartition strength magnetic field. The density power-law
index β depends on the used accretion flow model: it varies
from 3/2 for advection dominated accretion flow (ADAF,
Narayan & Yi 1994) to 1/2 for convection dominated accre-
tion flow (CDAF, Quataert & Gruzinov 2000) models.
A sensitive parameter in the formulation of the RM as
a function of the accretion rate is the inner boundary of the
accretion flow region (rin), representing the distance from
the black hole at which electrons become relativistic and
their contribution to the RM becomes negligible. In the case
of Mrk 421, we set rin by using the size of the Gaussian mod-
elfit core component of 0.04 mas (Blasi et al. 2013), which
corresponds to 275 rs. By assuming an ADAF model for the
accretion flow region (see e.g. Celotti et al. 1998b) and by
using an RM value of 2000 rad/m2 we estimate an accretion
rate of ∼ 2.5× 10−5 M⊙/yr. On the other hand, if we com-
pare the M˙ estimated with the bolometric luminosity (L) by
assuming a radiative efficiency of 10% (M˙ ∼ L/(0.1 × c2)),
we obtain an accretion rate of ∼ 1.5× 10−2 M⊙/yr. A simi-
lar discrepancy is also obtained for 3C84 by Plambeck et al.
(2014). As is discussed in Plambeck et al. (2014), it could
indicate that the magnetic field is weaker than the equipar-
tition value and/or is not ordered (tangled), or the accretion
flow is not spherical (possibly disc/torus like).
During the 1-yr Mrk 421 observing campaign, RM sign
reversals were observed. An RM sign change can be ascribed
only to a change in the line-of-sight magnetic field term.
If the observed RM traces the accretion flow, it suggests
that the topology of the magnetic field could be rather more
complex than a radial, ordered and of equipartition strength
magnetic field, and it could be attributed to the turbulence
within the accretion flow. Moreover, in the case of an RM as-
sociated with the accretion rate, an increase in the accretion
rate would later lead to higher emission in the jet. On the
contrary, the peak in S43 occurs before the peak observed in
the RM.
Therefore, in the case of the blazar Mrk 421, all of the
above mentioned arguments suggest that the accretion flow
is not spherical (possibly disc/torus like structure), and the
observed RM may not trace the accretion flow.
3.2 RM from the jet sheath
Due to the peculiar blazar geometry, the outflowing plasma
in the radio jet lays right in between the emitting region
and the observer, so that it is reasonable to consider the jet
sheath as the possible source of Faraday rotation. Thermal
electrons in the jet sheath can act as a foreground Faraday
screen and produce the observed RM.
Asada et al. (2002) first proposed the jet sheath as
a possible source of Faraday rotation by revealing an
RM gradient across the jet of 3C 273. Zavala & Taylor
(2004) propose a Faraday screen located in close prox-
imity to the relativistic jet to explain the observed RM
in a sample of 40 radio sources (including quasars, ra-
dio galaxies and BL Lacs) observed with VLBA between
8 and 15GHz. A gradient in the RM transverse to the
jet axis was revealed in various works (e.g., Asada et al.
2002; Zavala & Taylor 2004; O’Sullivan & Gabuzda 2009;
Go´mez et al. 2008; Hovatta et al. 2012), and suggests the
presence of helical magnetic fields in relativistic jets.
We now focus on the RM trend presented in L14 (filled
circles in the upper panel of Fig. 1), with a 90◦ 15GHz
EVPA rotation applied during the 7th and 9th observing
epochs. Given that the source polarization properties are
found to be quite stable during the 1-yr observing period,
an ordered large scale magnetic field structure is expected,
and we interpret the observed RM sign reversals within the
MNRAS 000, 1–6 (2016)
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Figure 2. Schematic representation of the proposed magnetic
tower model. The inner helical field (blue color) extends over the
emitting jet region (solid black line), up to the jet sheath region,
with Bp oriented in the observer’s direction and producing a pos-
itive RM. The outer helical field (green color) has Bp pointing in
the opposite observer’s direction and produces a negative RM.
context of the magnetic tower models (e.g., Lynden-Bell
1996; Kato et al. 2004). The differential rotation of the ac-
cretion disc, through the Poynting-Robertson cosmic battery
effect (Contopoulos & Kazanas 1998) gives origin to nested
helical fields in the relativistic jet. These models predict an
inner (close to the disc symmetry axis) helical magnetic field
component with the same helicity as the accretion disc ro-
tation and an outer helical component with opposite helic-
ity. In particular, the poloidal fields (Bp) in the inner and
outer helical components have opposite directions: Bp is par-
allel to the angular velocity vector (ω) in the inner field
component, and Bp is antiparallel to ω in the outer part
(Contopoulos et al. 2009). The net observed RM includes
the contribution from both inner and outer helical field com-
ponents. As shown by Mahmud et al. (2009, 2013) depend-
ing on the relative contribution of the inner and outer helical
field components a change in the direction of RM gradients
is expected, which can be connected with RM sign reversals.
As shown in the cartoon in Fig. 2, in the case of Mrk 421
we assume that the inner helical field (blue color) extends
over the emitting jet region (solid black line), up to the jet
sheath region, with Bp oriented in the observer’s direction
and producing a positive RM. On the other hand, we assume
that the outer helical field (green color), with Bp pointing in
the opposite observer’s direction, produces a negative RM
and has the dominant contribution to the observed RM. By
using the numerical model described in Go´mez et al. (1995,
1997), we have performed simulations of a jet threaded by a
helical magnetic field for several pitch angle (φ) values and
considering a viewing angle θ = 5◦ and bulk flow Lorentz
factor of Γ = 1.7 appropriate for Mrk 421 (see Lico et al.
2012). We find that the RM sign does not depend on the
direction of the magnetic field toroidal component (Bt), the
latter only affecting the transverse RM gradient. By estimat-
ing the Faraday-corrected polarization angle averaged across
the jet width we find that a pitch angle φ & 70◦ (& 60◦ in
the emitting jet considering Γ = 1.7) is required to explain
the intrinsic polarization angle in the core region of Mrk 421
being roughly parallel to the jet axis (at ∼ 150◦) during the
entire observing period (see Sect. 2)
Within this scenario, an RM sign change, from negative
to positive, can occur if the inner helical magnetic field in
some epochs temporarily dominates the RM contribution.
This behavior can be ascribed, for example, to an increase
in ne and/or in the inner magnetic field strength resulting
from an increased activity in the central engine, possibly
followed by the ejection of a new jet component, which pro-
duces a bow shock expanding in the neighboring regions (see
e.g. Go´mez et al. 1997; Fromm et al. 2016). Indeed, just be-
fore the observed RM sign reversals we observe an enhanced
activity in the core region, both at radio and γ-ray frequen-
cies. Moreover, at 43GHz during the second observing epoch
(February 2011) a new modelfit component, labeled as D
component in Blasi et al. (2013), is observed at ∼ 0.3 mas
(∼ 0.1 pc) from the radio core. The D component could
be connected with the temporary increase of the relative
contribution of the inner field during the period in which a
positive RM is measured. Although this model provides a
general qualitative interpretation, we note that further ded-
icated relativistic magnetohydrodynamical models would be
required for a more quantitative description, which fall out-
side the scope of this paper.
Within the Poynting-Robertson cosmic battery mecha-
nism, the direction of the accretion disc rotation univocally
determines the the polarity of Bp (see Contopoulos et al.
2009). With the specific magnetic field configuration that
we propose (inner helical field Bp component positive in the
observer’s direction), by looking at the closely aligned to the
line-of-sight jet, we are able to infer that the disc of Mrk 421
is counter-clock-wise rotating.
On the other hand, in the case in which the 15GHz
EVPAs during the 7th and 9th observing epochs are not ro-
tated by 90◦ (see Sect. 2) the rapid RM changes are more
difficult to explain with a magnetic tower model. Additional
scenarios to account for RM sign reversals have been inves-
tigated. O’Sullivan & Gabuzda (2009) showed how, by as-
suming that the Faraday rotating sheath is moderately rel-
ativistic, small changes in the velocity of the flow or slight
bends of the parsec scale jet can lead to RM sign rever-
sals in short time scales. This effect becomes relevant as
long as the viewing angle is close to 1/Γ. For this reason,
it is not straightforward to interpret the Mrk 421 RM sign
reversals within this scenario because a very large Lorentz
factor is required (Γ ∼ 12) for the jet sheath, being the
viewing angle ∼ 5◦. Another interesting scenario is reported
in Broderick & Loeb (2009), in which the authors show how
RM sign reversals can arise in the transition regions between
ultra-relativistic and moderately relativistic helical motion
in the AGN core proximity.
The hypothesis of a Faraday screen located in the jet
sheath, rather than in the accretion flow, is further sup-
ported by the fact that in Mrk 421 the RM peak follows the
peak in the flux density (Fig. 1). This behavior is more evi-
dent if we focus on the case in which a 90◦ rotation is applied
during the 7th and 9th 15GHz EVPAs (filled circles in the
upper panel of Fig. 1). To look for and quantify any possible
correlation between S43 and the RM values, we perform a
discrete cross-correlation function (DCF, Edelson & Krolik
1988) analysis, by taking into account a possible time lag.
By using a time bin of 28 d, we investigate the delay over
a range of ±100 d. The highest correlation value r = 0.8
is obtained for a 28-day time lag, at a 3σ significance level
(p-value ∼ 0.002), indicating that the Faraday screen is pos-
sibly located at a distance of ∼ 0.1 pc from the emitting re-
gion. Moreover, we note that the 43GHz polarized emission
MNRAS 000, 1–6 (2016)
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in the core region shows a peak during the third observing
epoch, which is coincident with the increase in RM (Fig. 2
in L14), which further supports the hypothesis that the RM
is produced in the jet sheath.
4 SUMMARY AND CONCLUDING REMARKS
In this paper we discuss the time variable RM found for the
first time over a 1-yr period in the core region of a blazar.
The discussion is based on the results presented in L14, re-
garding a 1-yr, multifrequency (15, 24, and 43GHz) VLBA
monitoring of the TeV blazar Mrk 421. We explore the pos-
sible connection between the RM and the accretion rate,
and, among the various scenarios for the identification of
the Faraday screen location, we identify the jet sheath as
the most suitable candidate for being the main source of
Faraday rotation.
In the specific case in which an EVPA 90◦ rotation is
applied at 15GHz during the 7th and 9th observing epochs,
to explain the one year RM trend, as well as the two observed
RM sign reversals, we propose a magnetic tower model with
two nested helical fields in the relativistic jet with oppo-
site helicities, produced by means of the Poynting-Robertson
battery effect. The inner helical field, with Bp oriented in the
observer’s direction, produces a positive RM and the outer
helical field, with Bp in the opposite direction, produces a
negative RM. We assume that the external helical field has
the dominant contribution to the observed RM, while the
internal field dominates when a perturbation arises during
the second observing epoch. From simulations we find that,
within the proposed model, the direction of Bt does not af-
fect the RM sign and a pitch angle φ & 70◦ is required
to reproduce an intrinsic polarization angle roughly paral-
lel to the jet axis. Within the assumptions of the proposed
magnetic tower model, we infer that the disc of Mrk 421 is
counter-clock-wise rotating.
On the other hand, when the 15GHz EVPAs are not
90◦ rotated during the 7th and 9th observing epochs, the
interpretation of the RM trend is more difficult due to the
rapid RM sign changes. One possibility is that, by assuming
that the jet sheath is moderately relativistic, the RM sign
reversals can be connected with small changes in the flow
speed or slight bends of the parsec scale jet.
From our analysis it clearly emerges that the RM vari-
ability has not a straightforward interpretation. The Fara-
day rotation could be produced from different regions with
different field configurations and internal Faraday rotation
can also play a role and contribute to the observed RM.
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